ABSTRACT Three main types of stink bug injury have been reported on the surface of apple fruit: (1) discolored dots, (2) discolored dots with depressions, and (3) discolored dots with discolored depressions. From 2005 to 2008, studies were performed to determine the factors linked to the variations in the appearance of adult stink bug injury on apple fruit observed at harvest. The main factors tested were type of feeding injury (i.e., mechanical versus breakdown and removal of tissues), time between injury and evaluation, cultivar, fruit maturity, and relative exposure to sunlight and UV radiation. No differences were observed that were caused by type of feeding. Studies of the time between injury and evaluation showed that there is a progression in the development of injury appearance. This progression of injury is inßuenced by cultivar and relative maturity of the fruit. Concomitantly, sites of injury on fruit exposed to no or limited sunlight and UV radiation were less likely to progress to discolored depressions.
SigniÞcant economic losses to a wide variety of crops have been reported in North America because of stink bug injury . Stink bugs have been reported as direct pests of numerous types of fruit (Panizzi et al. 2000, Nielsen and Hamilton 2009) , and over the past decade, stink bug injury has been increasingly documented in apple (Malus x domestica Borkh.) at harvest (Brown 2003 , Brown et al. 2006 , Nielsen and Hamilton 2009 . Stink bug injury reported at harvest typically is characterized by the presence of a discolored depression in the surface of the fruit and a corky discolored area below (Brown 2003) . Recent studies showed that stink bug injury actually appears on the surface of apples in three distinct forms: (1) a discolored dot; (2) a depressed, discolored dot; and (3) a discolored dot with a discolored depression (Leskey et al. 2009 ). These different types of surface wound response were observed on six different apple cultivars from July to October. Leskey et al. (2009) also reported that only a discolored dot was the most common type of injury observed throughout the study, including at time of harvest. This type of injury may be regularly ignored or missed, but is important in understanding the progression of injury severity throughout the growing season.
Injury to fruit by stink bugs occurs from both penetration of the skin and the breakdown and removal of tissues while feeding. Responses of the fruit to wounding are complex, involving both chemical and genetic factors (Karban and Baldwin 1997, Hern and Dorn 2002) . The systemic wound response pathway in fruit has been studied extensively in tomato (Solanum lycopersicum L.) (Parsons and Mattoo 1991 , Li et al. 1992 , OÕDonnell et al. 1996 , Chao et al. 1999 , Howe and Ryan 1999 , Howe 2004 ) and apple (Amiri and Bompeix 2005 , Filonow 2005 , Mao et al. 2007 ). The interaction of gene expression and speciÞc phytochemicals triggers a response at the site of injury as a mechanism of self-preservation and protection against further injury (Saniewski et al. 1999 , Walling 2000 . These pathways may be inßuenced by biotic and abiotic stresses (Creelman and Mullet 1995) , including relative exposure to UV radiation (Ballare 2003 , Brosché and Strid 2003 , Frohnmeyer and Staiger 2003 . Understanding the triggers and causes for variation in stink bug injury to apple may provide insight into control of fruit damage rooted in elimination or reduction of development of the more serious forms of stink bug injury.
Studies were performed to determine which of the following factors may affect variation in the stink bugÐ attributed injury on the surface of apples: type of feeding injury, time of injury relative to evaluation, cultivar, fruit maturity, and injury site exposure to sunlight or UV radiation.
Materials and Methods
Field Plots. Studies were performed in two research orchard plots at the USDAÐARS Appalachian Fruit Research Station in Kearneysville, WV, from 2005 to 2008. In 2005Ð2007, two apple cultivars were studied: ÔBraeburnÕ (2.5 by 4.3 m on M9) and ÔGranny SmithÕ (3.7 by 4.9 m on M26). The orchards received no insecticide treatment and minimal fungicide sprays. Fruit were harvested when the majority of apples of each cultivar were rated a 4 on the starch index for fruit maturity (Rudisill 2008) .
In 2008, injury progression studies were done on 11 apple cultivars. These cultivars were chosen based on their purported susceptibility to adult stink bug injury (Brown et al. 2006) , time of harvest, and fruit blush. One orchard contained Braeburn, ÔDeliciousÕ, ÔFujiÕ, ÔGinger GoldÕ, ÔGoldRushÕ, ÔHoneycrispÕ, ÔJonagoldÕ and ÔPink LadyÕ (4.3 by 5.5 m on M9), and the second consisted of ÔEmpireÕ and Granny Smith (3.7 by 4.9 m on M9/EMLA111 interstem and M26, respectively), whereas the third had ÔEnterpriseÕ (3.7 by 4.9 m on M9). For all other studies in 2008, only Braeburn and Granny Smith were used. Granny Smith (3.7 by 4.9 m on M9) apples were sampled from one orchard, whereas Braeburn apples were from three plots (4.3 by 5.5 m on M9; 2.5 by 4.3 m on M9; and 3.0 by 6.1 m on M26). Fruit was harvested as described previously for 2005Ð2007 research studies.
Type of Feeding Injury. The theory that variation in stink bug injury may be caused by different aspects of stink bug feeding was tested. On 23 August 2005, 18 Braeburn and Granny Smith apples were punctured with an acupuncture needle (0.17 mm diameter, approximately the diameter of stink bug stylets) in lieu of stink bugs (Leskey et al. 2009 ), allowing a standard insecticide and fungicide program to be implemented. Fruit were injured by the needle with a quick, in-andout poke to simulate the breaking of the fruit skin without any insertion of enzymes or removal of ßuids. Ten punctures were made on the cheek of each fruit at depths similar to stink bug stylet penetration (Ϸ4 mm). The injured fruit were left on the trees until harvest (Braeburn, 4 October; Granny Smith, 24 October) and evaluated in the Þeld and laboratory for variation in injury. Injury was recorded as a discolored dot, depression, or discolored depression.
Injury Progression and Fruit Maturity. In 2006, 23 adult brown stink bugs, Euschistus servus (Say), were caged individually on Braeburn (5 on 29 June; 12 on 11 July; 3 on 27 July; 3 on 10 August), and 22 were caged on Granny Smith (5 on 29 June; 6 on 11 July; 3 on 27 July; 3 on 10 August; 2 on 31 August; 3 on 21 September) limbs containing from two to Þve uninjured apples. Cages were used and constructed in the same manner as in previous stink bug Þeld studies (Leskey et al. 2009 ). The stink bugs were collected from the Þeld before each testing period. Stink bugs were allowed to feed for 1 wk and were removed from the cages. On removal of the stink bugs, all fruit were evaluated for stink bug injury, and all sites of injury were marked with indelible black ink to allow for periodic, repeated evaluations of speciÞc sites. Descriptions of each injury site were made every 1Ð2 wk until harvest (Braeburn, 5 October; Granny Smith, 19 October) and assigned an injury rating of 1 for a discolored dot, 2 for a depression, or 3 for a discolored depression (Leskey et al. 2009) . The severity at each sample interval and time until apparency and cessation of each site of injury was recorded. In 2007, the above study was repeated with a few variations. Four adult brown stink bugs were caged individually on four limbs of Braeburn, and two were caged individually on two limbs of Granny Smith on 22 and 9 May, respectively. These stink bugs were from a colony maintained on mullein, Verbascum thapsus L., yearround in a greenhouse. A total of 10 fruit per cultivar were evaluated monthly, and observed injury was marked and grouped into distinct areas of feeding because of a large number of injury sites in a small space. Each area of injury was evaluated biweekly until harvest (both cultivars were harvested the Þrst week of October) and assigned an injury rating as done previously, and the mean injury rating at harvest was calculated.
In 2008, fruit of 11 cultivars previously listed were punctured with the acupuncture needle with a quick, in-and-out poke. Beginning 13 May and continuing weekly until harvest for each cultivar, three limbs with a minimum of three fruit were punctured on the cheek three times at a depth similar to stylet penetration by a stink bug (Ϸ4 mm). "No-see-um" polyester mesh bags (Quest OutÞtters, Sarasota, FL) were placed over the limbs and sealed closed with a twist tie to exclude insects from fruit. Each puncture site was evaluated weekly until harvest based on the previously mentioned rating system. Sunlight. Thirty-Þve Braeburn and 34 Granny Smith uninjured apples were punctured with an acupuncture needle four to six times on the skyward-facing side and another four to six times on the ground-facing side of the fruit in 2007. Limbs impeding a clear path to the sky were removed. "No-see-um" polyester mesh bags were placed over the fruit and attached to the limbs by twist ties to exclude insects. One week after the fruit were punctured and at biweekly intervals thereafter until harvest (both cultivars were harvested the Þrst week of October), evaluations were made of each injury site and assigned an injury rating as done previously, and the mean injury rating at harvest was calculated. Twenty-two Braeburn were punctured on 15 June and 13 on 17 July. Twenty-three Granny Smith were punctured on 8 June and 11 on 16 July. The severity of each site of injury was recorded and separated by light treatment. Within each treatment, the proportion of discolored depressions reported at harvest between cultivars (except for the June sample for Granny Smith, where the proportion of depressions was compared) was analyzed with a 2 test (PROC FREQ; SAS Institute 2001). Also in 2007, 17 Braeburn and 24 Granny Smith uninjured apples were punctured Þve to eight times on the skyward-facing side of the fruit on 9 July. A 3% solution of Surround WP (Tessenderlo Kerley, Phoenix, AZ) was hand-sprayed on the puncture sites with a squirt bottle biweekly and after rain. This product was chosen based on reported solar injury protection and reßection of UV radiation (Glenn et al. 2002) . Injured fruit were enclosed in cages and mesh bags as used previously. Descriptions of injury were recorded at harvest, where the Þnal evaluation was made with the Surround removed.
Each site of injury was assigned an injury rating as done previously. The injury rating for each Surroundtreated puncture site was recorded and compared with injured, but unsprayed fruit. Data were analyzed using the Kruskal-Wallis test (PROC NPAR1WAY; SAS Institute 2001).
In 2008, 85 Braeburn and 83 Granny Smith apples on 10 limbs were punctured, as done previously, three times on the cheek of the fruit. One half of the limbs were covered with black 50% greenhouse shade cloth and one half with black 70% greenhouse shade cloth (GemplerÕs, Madison, WI). The shade cloth was closed on the limbs with twist ties. Apples on 5 of the 10 limbs of both types of shade cloth were punctured on 15 July and the remaining 5 limbs on 6 August. Each puncture was evaluated at harvest (Braeburn, 24 October; Granny Smith, 29 October) based on the previously mentioned rating scale. Effect of shading treatment and date of puncture on injury rating at harvest was compared within cultivar. Mean injury rating at harvest was compared for both cultivars with harvest evaluations of fruit injured between mid-July and the Þrst week of August in the injury progression study as a control. Data were analyzed using the Kruskal-Wallis test (PROC NPAR1WAY; SAS Institute 2001).
UV Radiation. In 2008, 49 Granny Smith apples on 10 limbs were punctured with an acupuncture needle, as described previously, three times on the cheek of each fruit. Fruit on two limbs were punctured on 17 July, four on 30 July, and three on 6 August. Limbs were covered with 0.61-m-long by 0.17-m-diameter by 1-mm-thick polycarbonate cages. Cages were cylindrical with both ends open. Open-ended "no-see-um" mesh bags were afÞxed on both cage ends and closed on the limb with twist ties. Six 0.05-m-diameter holes were cut in the polycarbonate and covered with the same mesh to permit air ßow. Bamboo stakes were afÞxed to each limb to stabilize and support the polycarbonate cages. Each puncture was evaluated at harvest (29 October) based on the previously mentioned rating scale. Injury rating at harvest was compared with harvest evaluations of fruit injured between midJuly and the Þrst week of August in the injury progression study. Also in 2008, 20 Granny Smith apples were punctured six or seven times on the cheek of the fruit and covered with one strip of 1-mm-thick polycarbonate. The polycarbonate strips were cut so that they covered an area greater than that of the punctures. Pieces of polycarbonate were attached to the apple using clear packaging tape. Polycarbonate was used in the studies because it absorbs UV radiation. The transmission of UVa and UVb was recorded with a UniSpec Spectral Analysis System (PP Systems, Amesbury, MA). Because the cages contained mesh, some UV radiation could be present in the cage and thus the transmission was recorded in the cages where the fruit would be located and not ßush with the polycarbonate surface. The temperature inside and outside of the cages was measured with an OMEGA-SCOPE Handheld Infrared Thermometer (OMEGA Engineering, Stamford, CT). Punctures were evaluated at harvest (29 October) using the same rating system, and the mean injury rating was compared with evaluation of fruit injured between mid-July and the Þrst week of August in the injury progression study as a control. Data were analyzed using the Kruskal-Wallis test (PROC NPAR1WAY; SAS Institute 2001).
Results

Type of Feeding.
All sites of injury on Braeburn were rated as a discolored depression at harvest; however, the injury on the Granny Smith apples was rated as a depression at harvest because there was no discoloration. The injury induced with the acupuncture needle was very similar to that caused by stink bugs (Fig. 1) . The puncture site in the surface of the fruit was not as uniform or clean as a stink bug feeding site, but the surface depression and discoloration were indistinguishable. Likewise, the corky ßesh beneath the surface of the punctures was present and identical to that seen from stink bug feeding. This study showed that "stink bug" injury could be replicated by simple mechanical injury and provided the foundation for the subsequent experiments using acupuncture needles.
Injury Progression and Fruit Maturity. A total of 53 adult stink bug injury sites were recorded on Braeburn and Granny Smith in 2006. Thirteen percent of these injury sites were not visible within 2 wk of stink bug feeding, and Ϸ30% of all injury sites changed in appearance after the initial 1-to 2-wk evaluation (Table  1) . In 2007, 73 areas of injury were recorded on Braeburn and 53 areas on Granny Smith from data combined for 9 and 22 May. Each area contained between 2 and 50 individual feeding sites. At harvest, all feeding sites were rated as a discolored dot.
Data from 2008 showed that no injury occurring before June ever developed beyond a discolored dot. Except for early-ripening cultivars, injury occurring in June did not progress beyond a depression at harvest, whereas some injury occurring in July or thereafter resulted in a discolored depression. However, not all injury occurring in June or July progressed beyond a discolored dot. Usually the discolored dot was not visible on the fruit in the Þrst 1Ð2 d after puncturing, but injury occurring close to harvest was less likely to change from this invisible state to the discolored dot. Ginger Gold was unique in that the injury progressed very rapidly even up until 72 h before harvest (Table  2) . No period end date was listed in Table 2 for Pink Lady because there was only one sample period where injury developed to a discolored depression, so no range could be determined.
Sunlight. SigniÞcantly more needle punctures were recorded as a discolored depression on Braeburn apples in the skyward treatment compared with the ground-facing treatment in June (df ϭ 1; 2 ϭ 7.6227; P ϭ 0.0058) and July (df ϭ 1; 2 ϭ 22.5615; P Ͻ 0.0001). Similarly, punctures facing the sky more commonly developed into a discolored depression on Granny Smith apples injured in July (df ϭ 1; 2 ϭ 25.5810; P Ͻ 0.0001) and to a depression when injured in June (df ϭ 1; 2 ϭ 30.1224; P Ͻ 0.0001; Table 3 ). No puncture sites from the June Granny Smith sample developed to a discolored depression. There was no statistical difference (df ϭ 1; 2 ϭ 2.8069; P ϭ 0.0939) in the harvest rating on Surround-treated fruit for Braeburn and Granny Smith, so the data were combined and compared with untreated punctured apples. The injury was less severe on punctures treated with Surround (n ϭ 103; ϭ 1.52 Ϯ 0.05; df ϭ 1; 2 ϭ 105.3428; P Ͻ 0.0001) than the untreated punctures (n ϭ 204; ϭ 2.69 Ϯ 0.07).
There was no statistical difference (df ϭ 1; 2 ϭ 1.0732; P ϭ 0.3002) between punctured Braeburn apples inside 50% shaded cages versus 70% shaded cages, so these data were pooled in comparison with injury progression data. The injury rating at harvest for Braeburn in the reduced sunlight treatments (n ϭ 181; ϭ 2.20 Ϯ 0.06) was slightly lower than those with full sun in the injury progression study (n ϭ 86; ϭ 2.42 Ϯ 0.08) but not statistically separable (df ϭ 1; 2 ϭ 3.5692; P ϭ 0.0589). There was no difference (df ϭ 1; 2 ϭ 0.3656; P ϭ 0.5454) between the 50% sunlight blocking cages (n ϭ 127; ϭ 2.23 Ϯ 0.07) and the injury progression data (n ϭ 143; ϭ 2.21 Ϯ 0.07) for Granny Smith. However, the harvest injury rating was less severe (df ϭ 1; 2 ϭ 9.1062; P ϭ 0.0025) in the 70% sunlight blocking cages (n ϭ 112; ϭ 1.89 Ϯ 0.07) than in the injury progression study for Granny Smith.
UV Radiation. The mean percent transmission of UVa and UVb was 15.9 Ϯ 0.15 and 40.7 Ϯ 0.64, respectively. There was no difference in temperature between the inside and outside of the cages. The harvest ratings of punctures on Granny Smith protected by the polycarbonate limb cages (n ϭ 130; ϭ 1.26 Ϯ 0.05) were signiÞcantly lower (df ϭ 1; 2 ϭ 99.0712; P Ͻ 0.0001) than those in the injury progression study. Likewise, the injury was less severe when covered with a piece of polycarbonate (n ϭ 125; ϭ 1.32 Ϯ 0.06; df ϭ 1; 2 ϭ 87.3647; P Ͻ 0.0001).
Discussion
The key factor contributing to variation in stink bug injury seems to be relative fruit maturity at the time of injury (Table 2) . Table 2 shows that there is a window of time during the growing season where injury can progress to a depression or discolored depression and that outside this time frame injury is either not apparent or visible only as a discolored dot. Although most observations of stink bug damage occur at or near harvest, commercial growers are encouraged to scout for stink bugÐ caused discolored depressions on fruit to assist in timing of sprays (H. Hogmire, personal communication). Because injury progresses over time within this period of expression, monitoring can be complex depending on when the injury occurred and when fruit were inspected. Most stink bug injury seems to complete its progression within 2 wk but has been observed to take over 1 mo. In general, the period of injury expression for most cultivars likely begins between mid-June and early July and ends 1 or 2 wk before harvest, which should be considered by grow- Harvest ( a The Þrst date corresponds to the Þrst record of depression rated injury and the second date to the Þrst record of discolored depression rated injury.
NA, not applicable. Even within the period of injury expression, not all sites of injury progress to a depression or discolored depression. Certain triggers are necessary to begin the fruit wound response. In 2007, studies with skywardversus ground-facing injury and on fruit treated with Surround showed that sunlight played a role in the development of the wound response in apple. These studies led us to test which component of sunlight is responsible for the augmented wound response. In 2008, Granny Smith apples in the 70% reduced sunlight cages and protected by polycarbonate were statistically different from untreated apples but not in 50% sunlight-reduced cages or for any of the Braeburn punctured. These data continue to point toward differences in cultivar wound response, but also that UV radiation is a factor involved in fruit wound response. Although the greatest change in wound response was observed in UV radiationÐreduced treatments, the response was not completely shut down. There may have been some indirect penetration of UV radiation to the punctures by way of the screened mesh in the limb cages and gaps between a curved apple and a ßat piece of polycarbonate. Although this may account for some of the injury progression, it is likely that UV radiation is but one of the triggers involved in the wound response cascade Mattoo 1991, Karban and Baldwin 1997) .
The cultivars studied were selected based on purported stink bug preference (Brown et al. 2006) . Except for GoldRush and Pink Lady, this study focused primarily on cultivars known to show stink bugÐin-duced discolored depressions at harvest. The question was raised why a polyphagous insect would be so selective about which apple cultivar to feed on. Variation by cultivar may provide a more likely answer to differences in stink bug injury at harvest. Cultivars with shorter periods of injury expression could have less damage at harvest than those with an extended period. Another possibility is that the wound response varies among cultivars, resulting in differences in apparent severity at injury sites; however, no direct studies were performed to assess this. We anticipate that cultivars with typically low numbers of discolored depressions observed on the fruit surface at harvest would have a shortened period of injury expression or perhaps a diminished wound response.
The initial puncture study in 2005 was designed because we believed that stink bug injury varied because of actions by the bug. The fact that simple mechanical injury to the apple, rather than salivainduced tissue breakdown and removal of fruit contents by feeding, was enough to simulate the discolored depression like that of stink bugs suggested that the visible injury had less to do with the stink bug and more to do with the plant response. These Þndings were supported by a study where a few adult tarnished plant bugs, Lygus lineolaris (Palisot de Beauois), were caged on limbs with three to four apples for 1 wk during the period of stink bug injury expression. Some of the fruit examined at harvest possessed discolored depressions and discolored dots. The surface and subsurface injury was nearly identical to that of brown stink bug; however, no measurements were taken of the feeding holes in the fruit. Similarly, as was shown in the 2008 injury progression study, dimpling on apples commonly attributable to plant bugs was replicated on certain cultivars by puncturing fruit in early May (B.D.S., unpublished data). Given that stink bugs begin to leave overwintering sites in early spring as the weather warms it would be feasible that some "plant bug" dimpling is actually caused by stink bugs. However, no direct studies were performed to assess whether stink bugs were naturally found feeding on apples in early May.
Future research is needed to examine other triggers related to fruit wound response, whether from mechanical or chemical causes, and methods of manipulating that response. The ultimate goal is to identify methods to manipulate the wound response so that stink bug feeding sites do not develop to a depression or discolored depression at harvest. The utility of such an approach may provide a novel future in pest control.
